A simplified model is described to estimate the oxygen delivery to tissues as a function of oxygen uptake, gas exchange ratio, 2,3-DPG/Hb concentration ratio, arterial and venous PO 2, PCO~ and pH. Due to the complexity of the oxygen delivery system, the aim of this model is to predict relative changes of the oxygen delivery to tissues induced by changes of the other variables, rather than to yield absolute values. In this work, the importance of the observed shifts of the hemoglobin oxygen equilibrium curve at altitude is evaluated in terms of the efficiency of the oxygen transport system. It will be shown that a rightward shift of the oxygen equilibrium curve is beneficial up to 5400 m.a.s.l., while for higher altitudes such shifts lead to less efficient oxygen delivery to tissues.
Introduction
The oxygen transport to tissues depends on many physiological and biochemical factors, each of which is intimately related to the others. It follows that the definition of a model that fully describes this system is a rather difficult task. The model reported here takes into account only some of the most important factors, i.e., oxygen uptake (VO2), gas exchange ratio (R), hemoglobin (Hb) and intraerythrocytic 2,3-diphosphoglycerate (2,3-DPG) concentration, blood flow, arterial and venous PO 2, PCO~ and pH. Other factors (such as tissues capillarization, pulmonary shunt, permeability of alveolar membrane to gases, blood viscosity, etc.) were not considered, and therefore the model does not allow exact quantitative predictions of oxygen transport. Nevertheless, we feel that the estimation of the relative changes of oxygen delivery to tissues as induced by changes of some or all the above factors is useful in several physiological and clinical studies.
A convenient way to represent the oxygen transport to tissues is a venous PO 2 vs. blood flow plot. Indeed, these two factors are the most difficult to be measured or assumed. Thus, the purpose of this program is to predict a venous PO, vs. blood flow relationship at constant selected values for the other parameters. Specifically, the aim of this work is to predict the changes of the oxygen transport induced by the shift of the Hb oxygen equilibrium curve (OEC) observed at moderate to extreme altitudes, that is mainly mediated by an increase of 2,3-DPG concentration and of pH. In fact, while
AddressJor offprints: Dr Michele Samaja, Dipartimento di Scienze e Tecnologie Biomediche, c/o Ospedale San Raffaele, via Olgettina the effect of an increased pH and 2,3-DPG concentration on blood OEC is well known (Benesch and Bcnesch, 1967) , it is still controversial whether the observed shifts of the OEC lead to positive or negative effects on the oxygen delivery to tissues. The simulated conditions will include both whole body oxygen transport and the oxygen transport in a single leg, using published data, both at rest and during exercise at different altitudes.
Description of the program
The program devised to simulate the oxygen delivery by blood is composed of the following brief routines.
ADAIR: calculates the 4 composite constants (Adair, 1925) which define an OEC from pH, pCO> and the 2,3-DPG/Hb molar concentration ratio (G) (Winslow et al., 1983) . where Q is blood flow (l/min), aO 2 is the oxygen solubility coefficient in blood from the routine OZALFA, SO 2 is the oxygen saturation, and notations 'a' and 'v' refer to arterial and venous, respectively.
HHCO2T: estimates total CO~ content from pH and PCO 2 using the Henderson-Hasselbalch equation:
CO 2 content = (aCO2*PCO2)*[1 + 10 (pH-pK)]
where the value for aCO 2 (solubility coefficient of CO 2 in blood) is 0.0306 at 37~ (Severinghaus, 1971) , and pK is calculated as: pK = 6.099 -0.04167'(pH -7.4) (Severinghaus, 1971) .
HHPH: same as HHCO2T, but calculates pH from total CO 2 content and PCO 2.
INPUT: reads sequentially from an external device (for example, a disk file) the following values: the name of the output file containing computed values, VO 2 (l/min), [Hb] (g/dl), G, the gas exchange ratio (R), higher and lower venous PO, bounds (tort), and arterial blood Base Excess (MEq/1), PO 2 (tort), and PCO 2 (tort). The file containing these data was prepared using a text editor or a separate subprogram.
OPENF: opens the output file(s) with the same name as read from INPUT.
OUTPUT: outputs computed data (venous PO2, PCO2, pH, oxygen saturation, Base Excess, total CO 2 content, and blood flow).
OZALFA: computes the oxygen solubility (mM/ torr) in blood from temperature (Roughton and Severinghaus, 1973) .
PHI: computes intracellular pH (pHi) from plasma pH and G, using the following equations: A = 0.0077 + 0.11*G B = 0.071 + 0.098"G C = -0.0036 + 0.087"G pH i = pH-A-B'P-C*P*P where P --(pH -7). These equations are derived from a previously described nomogram (Samaja and Winslow, 1979) .
SAT: calculates the oxygen saturation from the 4 Adair constants and PO, (Adair, 1925) .
Thomas: computes Base Excess from pH, PCO2, hematocrit, concentration of plasma proteins, oxygen saturation, pHi, as from an algorithm described by Thomas (1972) .
The purpose of the main program is to define the relationship between venous PO 2 and the blood flow necessary to supply the required amount of oxygen at constant values for the other variables.
